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Most serious occupational diseases arising from exposure to chemicals are caused by an attack on, or absorption through, the respiratory tract. On occasion such effects can be predicted from oral or parenteral administration of the chemical to experimental animals, but, in general, if a substance presents an inhalation risk, it is preferable to undertake a direct investigation by exposing animals to known concentrations in air. This survey covers the work on inhalation toxicity which has been undertaken over a period of 20 years in a laboratory engaged in the study of the toxic properties of chemicals used in industry.
All of the samples investigated for inhalation toxicity over this period were submitted by the manufacturing divisions of ICI Ltd.; they averaged about 30 a year. Not all of these have been included in this survey. Some were of too indeterminate a composition, such as still residues; some were proprietary products whose formulation was uncertain; for some the investigation was never completed for a variety of reasons; for a few, publication has been restricted for commercial or other considerations.
The aim of these investigations has been to provide information to aid in plant design and in the establishment of safety precautions to prevent occupational disease when the materials are produced or used in manufacturing operations. The experimental results have led to a decision on whether the compound may be handled without special precautions other than those demanded by sound manufacturing practice, whether exhaust ventilation should be installed or whether other features in plant design are required to prevent excessive exposure. The results have also enabled a prediction of the effects likely to be encountered in man from brief or repeated over-exposure, and have provided guidance on treatment to a works medical officer confronted with an accident or with a failure to apply the recommended safety precautions.
The compounds investigated are indexed below in alphabetical order. 5 s-Butylamine, 9 t-Butyl peracetate, 11 t-Butyl peroxypivalate, 11 n-Butyraldehyde, 6 Cetostearyl methacrylate, 8 Chloroacetonitrile, 10 6-Chlorododecafluorohexylsulphur pentafluoride, 14 2-Chloroethylsulphur pentafluoride, 13 1-Chloronaphthalene (technical), 8 4-Chloro-octafluorobutylsulphur pentafluoride, 13 Chloropentafluorobenzene, 7 I-Chloropropan-2-ol, 5 2-Chloropropane, 6 2-Chlorotetrafluoroethylsulphur pentafluoride, 13 Cumene a-hydroperoxide, 11 N-2-Cyanoethylaniline, 10 Decahydronaphthalene, 5 1,6-Diaminohexane, 9 Dichlorobutenes (mixed isomers), 7 1,1-Dichloroethene, 7 1,3-Dichlorotetrafluorobenzene, 7 a-Dicyclopentadiene, 4 1-Diethylaminopentan-2-one, 10 Diethylenetriamine, 10 00'-Diethyl phosphorochloridothionate, 12 Dimethoxymethane, 5 2-Dimethylaminoethyl methacrylate, 8 3,6-Dimethyl-1,2-benzisoxazole, 11 Dimethyl carbonate, 9 Dimethyl disulphide, 13 3,5-Dimethylmorpholine, 11 Dinonylamine, 9 Diphenyldimethoxysilane, 12 Dipropionyl peroxide, 11 9 Divinyl disulphide, 13 Dixylyl disulphide, 13 Ethyl chloroformate, 9 Ethyl 3-chlorophenylformimidate, 14 2-Ethylhexyl acrylate, 8 2-Ethylhexyl methacrylate, 8 2-Ethyl-2-hydroxymethylpropane-l, 3-diol, 5 Ethyl t-butyl peroxyoxalate, 11 10 10 Nonylamine, 9 Octyl methacrylate, 8 Pentachloropyridine, 10 Phosphorus tri-isocyanate, 12 Propionaldehyde, 6 n -Propyl cyanide, 10 N-Propylethylideneamine, 14 Silicon tetrafluoride, 12 Silicon tetraisocyanate, 12 Sulphur chloride pentafluoride, 13 Sulphur dichloride, 12 3a, 4, 7, 4 Tetramethylsilane, 12 Tributylamine, 9 Tributyl phospite, 12 1,2,4-Trichlorobenzene, 7 Trichloromethylsulphenyl chloiide, 13 1,3,5-Trichlorotrifluorobenzene, 7 Trimethoxyboroxine, 14 1, 2, 4-Trimethylbenzene, 5 Trinonylamine, 9 Trispentafluoroethyl)methanol, 5 1, 1, 1-Trishydroxymethylpropane bicyclic phosphite, 12 Vinyl acetate, 8 Vinylsulphur pentafluoride, 13
Methods and materials
Samples investigated
The samples submitted by ICI Divisions were prepared in either the Research Department or an experimental plant, or were taken from full-scale production. The size of the sample available determined to some extent the scale of the experimental work. Few of the samples could be described as pure chemicals; they were not fractionated before use as the toxicological properties of the materials as supplied were relevant to these investigations. Where the sample was known to contain a considerable admixture of other components, this information is included in the Results section.
Design of exposure chambers In all of these experiments the animals have been exposed to dynamic atmospheres, that is, to atmospheres continuously generated and passed through the exposure chamber. The design of exposure chamber has varied with the number of animals involved and with the nature of the substance under investigation. For groups of four or fewer rats a glass desiccator, containing wire mesh partitions to separate the animals, was used. Larger numbers, up to eight rats, were exposed in the chamber described elsewhere (Gage, 1959) ; usually the inner Perspex chamber of that design was replaced by a glass cylinder, 30 cm diameter and 25 cm high. For atmospheres containing particulate matter a chamber with a more pyramidal top (Gage, 1968) with SE30. The temperature of the column was maintained at about 20% below the boiling point of the liquid. A sample of the atmosphere was injected directly into the N2 carrier gas by means of a gas sampling valve (0-5-10 ml). b Peroxides by iodometry. A measured volume of the air was passed through a 1 % w/v aqueous potassium iodide solution, and the liberated iodine was measured absorptiometrically at 425 nm. c Peroxides by oxidation of ferrous thiocyanate. A 50-ml sample of the air was collected in a large glass syringe containing 10 ml ferrous thiocyanate reagent (100 ml 050% w/v ammonium thiocyanate, 1 ml 6 N sulphuric acid, 01 g ferrous ammonium sulphate, 100 ml water, prepared freshly each day). The syringe was shaken for 5 minutes and the ferric thiocyanate concentration was measured absorptiometrically at 460 nm. d Titration. A measured volume of the air was passed through water (sulphur dichloride) or 10 % v/v aqueous ethanol (adipic acid) and the absorbed acid was titrated with sodium hydroxide solution. e Methyl nitrite. A measured volume of the air was passed through 10 ml reagent (0 1 g chloroaniline, 10 ml N HCl, acetic acid to 1 litre); 2 ml 1 % aqueous N-(1-naphthyl)ethylenediamine dihydrochloride was added, and after 15 minutes the absorbance was measured at 550 nm.
Design of the experiments Alderley Park specific-pathogen-free rats with an average weight of 200 g were used in most of these experiments. They were maintained in the exposure chamber for periods of up to 6 hours, and between repeated daily exposures they were returned to their cages where food and water were freely available. In the initial experiments the concentrations were selected to produce, if possible, acute effects after short exposures. Thereafter the exposure period was extended and the concentration lowered until the animals could survive 6-hour exposures, five days a week, for up to four weeks. With liquids, the vapour pressure limited the range of concentrations which could be tested in these acute and subacute experiments. The rats were weighed each morning, and their conditions and behaviour were recorded throughout the exposure period. Urine was collected overnight after the last exposure day for biochemical tests.-The animals were left overnight with food and drink. On the following day the rats were anaesthetized with halothane and partially exsanguinated by heart puncture for haematological tests. After a gross examination of the organs, the lungs were inflated with formol-saline and immersed in the same fixative. The following organs were also taken for microscopical examination after fixation in formol-corrosive: lungs, liver, kidneys, spleen, and adrenals; and occasionally heart, jejunum, ileum, and thymus.
If at any stage effects were observed which could be atti ibuted to the exposure, the experiment was repeated with progressively lower concentrations until a concentration was reached which was without effects on the animals. At intervals of about two months, batches of control rats were maintained in a chamber for the exposure period, in order to check the characteristics of the colony. (Battig, Grandjean, Rossi, and Rickenbacher, 1958) . Soviet work (Korbakova, 1964) claims that low concentrations of cyclopentadiene and dicyclopentadiene can affect the blood as well as the lung and the functioning of the nervous system. Other Soviet work casts doubt on the low toxicity of isoprene, indicating marginal organ damage after prolonged exposure to 67-200 ppm (Korbakova and Fedorova, 1964) .
Results

Presentation of experimental results
Alcohols The alcohols examined show interesting features. t-Butoxyethanol had the characteristic haemolytic action of n-butoxyethanol described by Werner, Nawrocki, Mitchell, Miller, and von Oettingen (1943), andCarpenter, Smyth, and Pozzani (1949) . The results strongly suggest that the alcohol or its metabolite (Carpenter, Pozzani, Weil, Nair, Keck, and Smyth, 1956 ) increases the fragility of aged red cells, and that the effect disappears when the average age is reduced by haemopoiesis, returning only when the normal age distribution is restored. Isopropoxyethanol shows the same effect but to a lesser extent. Perfluoro-triethylcarbinol is a powerful uncoupler of oxidative phosphorylation, an effect which has been confirmed by in vitro studies on mitochondria in which a dissociation between oxygen uptake and the phosphorylation of ADP was observed which was quantitatively and qualitatively similar to that from dinitrophenol (Gage, unpublished work) . This compound must be one of the simplest to show this effect; it conforms to the requirements of an uncoupler (Hemker, 1962) in that it is acidic due to the influence of the fluorine atoms on the hydroxyl group, and it is lipidsoluble in its non-ionized form. Chloropropanol is irritant but it does not show the central effects of chloroethanol (Goldblatt and Chiesman, 1944) .
Ethers All the ethers had the central depiessant action of diethyl ether, with the exception of dichlorodiisopropyl ether, which showed irritant properties, like its ethyl homologue (American Petroleum Institute, 1948) .
Aldehydes and ketones The aldehydes have anaesthetic properties, with no marked irritant action.
According to Skog (1950) , the LC50 (30 minutes) of butyraldehyde to rats is 6% v/v. Sim and Pattle (1957) state that groups of men exposed to concentrations of butyraldehyde and isobutyraldehyde greater than 200 ppm for 30 minutes experienced no irritation, but some nausea with isobutyraldehyde. Soviet investigations on man (Uloyan, 1965) claim that a variety of effects are produced at 3 ppm. Acids A comparison of the results with acrylic and methacrylic acids demonstrates the reduction in irritant action by the introduction of a methyl group, an effect observed with the methyl esters which show a 10-fold difference in American Conference of Governmental Industrial Hygienists (ACGIH, 1968) threshold limit values. The low toxicity of methacrylic acid in animals is in conffict with Soviet claims (Stulova, Rumyantseva, and Ivanova, 1962) that concentrations down to 6 ppm produce marginal changes in the function of the nervous system in man.
Chlorinated hydrocarbons The aliphatic chlorinated hydrocarbons demonstrated the liver and kidney damage characteristic of some members of this series. The two unsaturated 4-carbon compounds, dichlorobutene and hexachlorobutadiene, are highly toxic; both are capable of producing severe kidney damage, but with dichlorobutene lung irritation predominates and the renal effect has been observed only after percutaneous absorption (Ferguson, unpublished work) . Smyth, Carpenter, and Weil (1951) found that exposure of rats for 4 hours to 62 ppm dichlorobutene (isomer unspecified) killed 2/6. The chlorinated ethylenes, on the other hand, are of relatively low toxicity. The results with 1,1-dichloroethene are extended by the observations of Prendergast, Jones, Jenkins, and Siegel (1967) , who found no clear toxic manifestations apart from a retarded weight increase in a variety of species exposed to 100 ppm 5 hours/day for six weeks, while some liver damage was found after continuous exposures 24 hours/day to 47 ppm for 90 days. Rylova (1953) states that 25 ppm is irritant to man.
Pentafluorobenzene is a narcotic; Garmer and Leigh (1967) have shown that the anaesthetic concentration for cats is 1-5-2-5% v/v. As the fluorine atoms are replaced by chlorine, the anaesthetic action remains but a cytotoxic action appears, together with an effect on porphyrin metabolism.
The results with chloronaphthalene are in contradiction to Soviet claims (Kapkaev, 1957) that concentrations in the region of 1 ppm cause liver damage with a variety of blood changes and a hyperacidic gastritis. Esters The unsaturated esters of saturated carboxylic acids are typically of low toxicity, high concentrations producing irritation and narcosis. With the exception of vinyl acetate, none of the esters of this type which have been examined was sufficiently volatile to show these effects. Dimethyl carbonate rapidly hydrolyses so its toxicity may be taken to be that of methanol. The high toxicity of the chloroformates is due to their great chemical reactivity; presumably like phosgene they modify cell membranes to produce permeability changes. Methyl nitrite produced methaemoglobinaemia in vivo at a rate similar to that of sodium nitrite; if its action is due to inorganic nitrite then its hydrolysis in vivo must be very rapid.
Amines The amines examined showed irritant and central stimulant effects; these increased with the degree of substitution, but the higher members have too low a volatility to present a significant vapour hazard. The results with diaminohexane are in contradiction to Soviet claims (Kulakov, 1967) Floyd and Stokinger (1958) , who found the LC50 (4 hours) to be 220 ppm in rats. Soviet claims (Solomin, 1964 (Solomin, , 1966 suggest that the concentration of this compound must be reduced to 0-001 ppm to avoid effects on animals and on man.
Organic phosphorus compounds Trishydroxymethylpropane phosphite has shown an unexpectedly high toxicity: it is one of the most toxic compounds handled in this laboratory. It is fairly readily hydrolysed to yield dihydroxybutylphosphonic acid, which is of low toxicity by oral or parenteral administration. Its marked action on the central nervous system is probably due to its having sufficient stability to penetrate cell membranes as a non-ionized molecule, and its ultimate action may be due to its hydrolysis product or a reaction in situ.
Diethyl phosphorchloridothionate is primarily an irritant, presumably due to the reactive chlorine atom, but it is also a weak in vivo inhibitor of cholinesterase. Inhalation experiments are of special value for the study of those compounds which have an immediate or delayed irritant action on the lungs, for the intensity of these effects cannot be predicted with any certainty by other routes of administration. A survey of the results gives a strong indication that these effects on the lung are associated with the chemical reactivity of the molecule, particularly if the onset of severe symptoms is delayed. It seems probable that theie is an initial modification of cell membranes, as postulated for the action of phosgene and ketene, followed by permeability changes leading to oedema and haemorrhage.
After short exposures to high concentrations of lung iriitants, the effects seen at histological examination of lung tissue indicate that death can be attributed to an interference with gas exchange. After more prolonged exposure to lower concentrations, the cause of death is less certain, for although lung changes may be apparent, they are sometimes insufficient to account for the lethal action. Moreover, at still lower concentrations the animals may be in poor condition with a diminished weight increase, without any trace of damage being detectable in the lungs. It seems likely that exposure to irritant gases and vapours gives rise to stress which is responsible for the marginal toxic effects, and it is possible that the occasional observation of a diminution in the size of the thymus may be in some way connected with such stress effects.
Provisional operational limits
Subacute inhalation experiments lasting approximately three weeks cannot be regarded as an adequate basis for the establishment of threshold limit values which will define safe working concentrations under all conditions, although a study of the origins of the list published by the ACGIH (1966) shows that some of their values have been derived from more tenuous evidence. Nevertheless, the results obtained in these investigations permit an assessment of the toxic hazard which is of value to the chemical engineer in the design of plant, or which can form the basis of a code of safety precautions, provided that those exposed are under adequate medical supervision. The limiting concentrations derived from these experiments may be termed provisional operational limits to distinguish them from threshold limit values, which should preferably be based on more extended experiments on a variety of species, supported by evidence from human exposure.
The limits in Table 1 have been derived from the highest concentration producing no toxic effects in animals by the application of a 'safety factor', which has varied according to the effects seen at the next highest concentration. In some cases the limit has been influenced by the established threshold limit values of analogous substances, and any information on human exposure has been taken into consideration. With materials with a strong odour, the limit has been set at the expected tolerable level. Not all of the substances studied have proved to be of commercial interest. Those which have been introduced into manufacturing processes have been handled under proper supervision and there is no indication that the provisional operational limit has been set too high.
Comparison with Soviet limits None of the substances studied has yet been considered by the ACGIH Committee on Threshold Limit Values (1968) , but several have been the subject of investigations on animals and on man in the Soviet Union, which have led to the recommended maximal allowable concentrations in Table  2 . The differences between the limits in Tables 1 and  2 are too large to be ignored. The Soviet animal experiments are usually of several months' duration, but it is unlikely that this plays an important part as there is often a wide divergence between the ACGIH threshold limit values and Soviet maximal allowable concentrations, even when the exposure periods are similar. The Soviet results cannot be passed over by doubting the toxicological significance of studies on nervous system function by techniques such as the conditioned reflex, negative induction or electroencephalography. It is true that these methods are extensively used and that there is little information in the English language dealing with the experimental details and the interpretation of the results; the review by Medved and Kagan (1966) Solomin (1966) 
